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Case No. F3238(C) 



REMARKS 

Reconsideration of the application, as amended, is respectfully requested. 

Claims 16, 21 , 22 and 23 are cancelled above without prejudice. 

Rauwendal, '159 concerns screw extruders with improved dispersive mixing. It is 
apparent that the material to be mixed must be a fluid of high viscosity: 

"the material is conveyed . . . through a melting zone where the material is heated 
under carefully controlled conditions to melt the material" (column 1 , lines 1-2) 

"in screw extruders, significant mixing occurs only after the polymer has melted" 
(column 2, lines1-2) 

"dispersive mixing should be done at as low a temperature as possible to 
increase the viscosity of the fluid, and with it the stresses in the polymer melt" (column 
2, lines 9-12) 

The Office asserts that the third statement shows that the extruder of '159 could be 
used for applications wherein cooling is required. However, when read in the context of 
the preceding statement of a heating step, it is clear that this does not refer to the 
application of cooling. In fact it refers to the necessity to provide the correct amount of 
heating, i.e. sufficient to melt the material but not to raise its temperature too much so 
that its viscosity decreases. '159 obtain the correct viscosity for optimal mixing. Thus 
Applicants submit that the Office has not pointed to any teaching in '1 59 that 
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Rauwendal's extruder could or should be used for applications wherein cooling is 
required so that the product leaves the extruder colder than when it entered. 

Furthermore, there is a fundamental difference between the flow in extruders in which 
the barrel is cooled with liquid ammonia and those in which the barrel is not cooled. In 
extruders such as those disclosed by '159, a combination of viscous dissipation and 
external heating warms the product so that it is a fluid. In particular, the product is a 
fluid close to the barrel wall. By contrast, in an extruder cooled with liquid ammonia the 
barrel wall is very cold, and the material close to the barrel freezes solid and sticks to it. 
This leads to an entirely different boundary condition to the flow. It is well known that 
boundary condition has a strong influence on the flow (see for example the paper, 
Abstract of "Slip flow in partially filled screw channel" J. Reinforced Plastics and 
Composites 17 (1998) 712 (Cheng et al.) Therefore, flow in identical extruders but with 
different boundary conditions is completely different. One of ordinary skill in the art 
would not attempt to apply the teaching with regard to the preferred geometry of the 
screw for an extruder in which the fluid is liquid at the wall to one in which the fluid 
solidifies at the wall. 

At column 14, lines 43-45, '159 states that "it is possible to mix food products such as 
dough, mashed potatoes, cooking oil, a slurry of grapes or fruit concentrates, honey or 
peanut butter." This makes it clear that the teaching with regard to mixing of polymer 
melts can also be applied to the mixing of foods - provided that the food satisfied the 
requirement that it is a fluid of high viscosity. This is the case for all of the foods listed 
at or around room temperature. However, at the much lower temperatures produced by 
cooling with liquid ammonia, these foods would be solid, and therefore the extruder 
would not work. Thus, even if the person of ordinary skill in the art were to provide the 
extruder of '159 with cooling, he or she would not be motivated to use liquid ammonia. 
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*159 concerns mixing. The Office points to no teaching that the geometry of the 
extruder of '159 will be suitable for an extruder which is cooled with liquid ammonia. In 
particular, there is no teaching in *159 that the design will provide optimal cooling while 
maintaining flow. 

Therefore, it is submitted that there is no reason to believe that any person skilled in the 
art would combine *159 and Pels. This combination constitutes an ex post facto 
analysis done with the benefit of hindsight knowledge of the present invention. 

Moreover, even if a person skilled in the art were to attempt to combine '159 and Pels, 
'159 discloses a single screw extruder whereas Pels discloses a twin screw extruder. 
Twin screw extruders are completely different from single screw extruders (see the 
paper, "Engineering aspects of single and twin-screw extrusion-cooking of biopolymers" 
J. Pood Eng. 2 (1983) 157-175, D.J. van Zuilichem and W. Stolp (van Zuilichem.) So 
when combining them, would a single screw or a twin screw be chosen? 

Furthermore, even if such a combination were made, the result would be an extruder 
with a pitch angle outside the range claimed in the present application. The pitch angle 
range disclosed by '159 is broad; in fact at column 1 1 , lines 2-3, it is stated that any 
angle in the range -90 to +90 degrees will work well. Pels specifies that the appropriate 
screw pitch angle for an extruder cooled with liquid ammonia is 20 to 30 degrees 
(column 7, lines 10-11). Thus, the person skilled in the art combining the teachings of 
'159 and Pels would choose the pitch angle taught by Pels for extruding ice cream from 
the choice allowed by '159. As stated in the present application at page 2, lines 23-28, 
Applicants have discovered that the performance of the extruder when used in the 
manufacture of ice cream can be dramatically improved when operating with a pitch 
angle outside those previously used. The data on page 8 of the present application 
shows that the ice cream temperature is significantly lower (note that even VC lower in 
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temperature provides a significant advantage) for the pitch angles of 35 and 40 degrees 
than for various pitch angles in the range 12-28 degrees. 

In view of the foregoing, it is respectfully requested that the application, as amended, 
be allowed. 



Respectfully submitted, 




Gerard J, McGowan, Jr. 
Attorney for Applicant(s) 
Reg. No. 29,412 



GJM/pod 
(201)840-2297 
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Engineering Aspects of Single- and Twin-screw 
Extrusion-cooking of Biopolymers* 

D.J. van Zuilichem, W. Stolp, 

Department of Process Engineering. Agricultural University, 6703 BC Wageningen, 

De Dreijen 1 2, The Netherlands 

and 

L.P.B.M. Janssen, 

Laboratoiy for Physical Technology, Delft University of Technology, 
2628 BW Delft, Prins Berhardlaan 2, The Netherlands 

ABSTRACT 

A survey is given of the properties of single- and twin-screw extruders. 
The influence on the design of the different leakage gaps existing in co- 
rotating, counter-rotating, self-wiping, twin-screw extruders and single- 
screw equipment is discussed. The mixing effects in single- and twin-screw 
equipment and the shear distribution and shear levels that can be generated 
in the equipment are discussed. The overheating effect possible in single- 
screw extruders is related to the type of flow in the extmder channel 
Finally, the properties and power consumption of Gncinnati conical, 
twin -screw extruders are discussed. 

INTRODUCTION 

When considering the cooking-extrusion of foods and feeds, a distinc- 
tion can be made between single-screw extruders (s.s.e.'s) and twin- 
screw extruders (t.s.e.'s), the main difference being in the conveying 
mechanism (see Table 1). In the s.s.e. the conveying action is the result 
of two friction effects: first the friction between screw and product and 
second the friction between barrel and product. The s.s.e. needs the 
barrel waU for a good conveying action and the barrel wall will be an 

* Presented at the EXTRUSION COOKING Symposium, 7th World Cereal and 
Bread Congress, Prague, June/July, 1982. 
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TABLE I 

Main Differences Between Single- and Twin-screw Extruders 



Main energy supply 
Transport mechanism 

Throughput capacity 



Approximate specific 
power consumption 
per kg product 

Heat distribution 

Mechanical power 
dissipation 

Degassing possibQities 
Rigidity 

Capital costs 
Minimum water content 
Maximum water content 



Single'Screw extruder Twin-scrcYf extruder 



Viscous dissipation 

Friction between metal 
and food material 

Dependent on moisture- 
and fat-content and 
pressure 

900-1 500 kJkg-^ 



Large temperature 
differences 

Large shear forces 



Simple 
High 

Low 
10% 
30% 



Heat transfer to barrel 
Positive displacement 

Independent 



-1 



400-600 kJ kg 



Small temperature 
differences 

Small shear forces 



Difficult 

Bearing construction is 
vulnerable 



High 



^7c 

95% 



important part of the design. In a t.s.e. with closely mtermeshmg screws 
the product is enclosed between screws and barrel in C-shaped chambers 
(see Fig 1) is therefore prevented from rotation with the screws, and 
so is conveyed positively towards the die. Here, depending on process 
conditions, friction at the barrel wall is less important However he 
screw geometry itself is important, as it is now possible to influence the 
pressure buUt up in the chambers and the resulting leakage flow back 
from one chamber to the previous one or across to the neighbounng 

An* s s e. can be compared to and modelled as a continuous channel 
with a pseudo fully-developed flow profUe and accompanymg tempera- 
ture profile. This is in contrast with the conditions in a closely- 
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Fig. 1. C-shaped chamber of twin-screw extruder. 




Transport d*r«ct»on 



Fig. 2. Leakage flows in a closely-intermeshing. counter-rotating twin-screw 

extruder. 
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f ^ina rinsed C-shaped chambers so that no 
intermeshing t.s.e. J^^f^f^^, design requirements and shear 

fuUy-developed P^^^ ^ f/.^^X"'^ ^^^^ ^^^^^ 

Umitat ons mean that t.s.e. s are neve ' resulting in a certam 
certain interconnection between <^^ambers re^ultmg^^^ 
leakage flow (see Fig. 2 wh.ch can be s-aH.^^ - '^^^ considerable 
pumping zone in counter-rotatmg extmders 3 4 j^nde). 

I the wide gaps of a ^'^■:''^}^^,''^J^^^^^ of a pseudo- 

Such an extruder can also descnbed usmg ^^^^^^^^^ 

continuous channel with large ducts, ^° ?f " ^^^^^^ .j^^g the whole 
combinations where clear con« ^^-^^il"^^^^^ 
length of the extruder as with the s.s.e. l^^re w 

oTLompletely-developed How and ^-P^f ^H^^ o^^^^^ to intro- 

and the pressure flow being considered as secondary ^^^^ 

Self-wiping t.s.e.'s can be ^^g"^^.^^; X^er for backflow and 
Although the intermeshing region forms a bamer 10 





. . Pio 4 Example of twin-screw extruder. 
Fig.3. Exampleoftwln-screwextruder. ^^'^^^f^ J^^g ,,,„ter-rotating. 
non-intermeshing. 



Fig. 5. Example of twin-screw extruder: 
self-wiping. 




Fig. 6. Example of twin-screw extruder 
intermeshing co-rotating. 
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produces a positive displacement action, because of the openness of the 
channel, the balance between drag flow and pressure flow largely 
determines the transport. 

CO-ROTATING VERSUS COUNTER-ROTATING TWIN SCREW 

EXTRUDERS . 

Conclusion A: leakage gap design 

Although the mechanism of transportation in co-rotating and counter- 
fo tating closely-intermeshing t.s.e.'s is similar, there are some dif er- 
nces in their flow flelds and mixing effects. P---^^ ^^^.^ ^J^^'; 
tangential direction around the C-shaped chambers. With counter 
oSg screws, there tends to be a build up of pressure on the con^ 
verg ng side of the screws whUe on the diverging side there is a low 
pres ure region (Figs 7 and 9(a)). This pressure difference in the screw 
chambers mainly fnfluences the leakage through the ca -der gap in 
question and through the side gap. On the other hand, >-th cc^rotating 
screws it can be concluded that the tangential pressure build up 
influences the leakage through the tetrahedron f^^ f^^^^l^^J^ 
and 9(b)). Further, the drag component of the leakage flows favours 
tJe calender gap and side gap most in counter-rotating machines, 
whereas in co-rotating extruders the resultant of the drag flow wUl^^^^^ 
mamly through the tetrahedron gap. From geometncal considerat ons 
SfLews must fit into each other) the tetrahedron g^P must be 
designed much bigger in size in co-rotating than in counter-rotatmg 
w ns Thk can be seen quahtatively in Fig. 8. where cross-sections in 
t^ mid-plane between and paraUel to the screw axes are drawn for 
typical counter-rotating and co-rotatmg screws. 




a " 

Fig 7. Pressure distribution in twin-screw extruders, (a) Cour,ter-rotating; (b) co- 

rotating. 
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P, S Cross-secUouof thesc.ewsatthei„tenneshingpan.(a)Counte.^^^^^^^^^ 
*• (b) co-rotating. 



Conclusion B: mixing 

r . « favniir flow thfough the tetrahedron gap in co- 
AU the above Sp is the only gap that con- 

rotating systems. Since with those formed by 

nects the chambers associated °"^J^7J 

the other, it is clear that m ^^-^^^^^.^^^^^^^ In counter- 
one screw mixes f jorly weU with ^h^tUront ^ ^^^^^ 
rotating systems, however, mixmg oi i,,ement action 
two individual screws is much less bu the pos ti P 

. greater. '^-~:7:;e m^^^^ for the tetrahedron 

extreme case. Here aU the gaps jj^^j 
gap. The material flows very ^ ^^^^^^^.^^^^^^ two screws - 

ensuring good mixing between the mat nal J^^^^^ ^^^^^ y^,,^ 

^oelsr°4^.'t:t^s^^^^^^^^^ 

iii the channel direction being present. 

SHEAR DISTRIBUTION m VARIOUS EXTRUDERS 

Shear is .„ important in flje cho« fJI'^^'^ fZ 

food materials have to be handled 8en'ly '"^ 

.,„.ed. O^^J^^f^yJ^Zi^rTl^^^ time. Depend- 
cessmg period or need a mgn s"*^ tnaximum or average shear rates 

^or^?l"m S^te in an extruder will usuallv.be ach,eved 
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Co - rotating 
closely intcrmeshing 



Co- rotating 
^ self wiping 



Single screw 
^ of"non intcrmeshing twin screw 




Fig. 9. Flow profiles in different extruder types. 



l^-t1 — ... except in . . 
it may be important in the melting region ^^^^^ 
In order to compare the average /^^^^^^^^^^^ pigure 9(a) 
the positive displacement action should ^J^^f'Xh.^!^irtu^y 
shows that closely-intermeshing. '^^""t^'^;^°;,^'";tans tha^^ 

live displacement action. Th,s « ""J j^, ^sitive convey- 

,.s.e.'s (Fig. 9(c)). in the '^^-"f^i'^^^'f^^^'iall because of the 
ing action with a given y''''J'^^"l^rA<t,^cb^,„^l6,fihzt 

rpi::Se' retTLtrr aSeL^s whe; .ing .on, Cose,. 
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inteimeshing to single-screw extruders it is obvious that fo'' comparab e 
output rates both single-screw extruders and self-wiping extruders must 
operate at much higher rotational speeds than closely- mtemieshing, 
co-rotating and counter-rotating machines. Because of the wider clear- 
ances, which are related to the smaller positive displacement action, 
high rotation speeds can be more easily achieved in self-wipmg, twin- 
sc^ew and in single-screw extruders than in closely intermeshing twm- 
screw extruders. It can now be concluded from the relationship between 
rotational speed requirements and the relative channel and chamber 
depths that the average shear rates wUl be highest in smgle-screw 
extruders, and will be successively lower with the self-wiping, the 
closely-intermeshing, co-rotating and closely-intermeshing, counter- 

'T^^^, the greatest shear levels in the extruder will occur 
in the various leakage gaps. In single-screw and self-wipmg extruders all 
channels are large except for the flight gap and the maximum shear rate 
will be of the same magnitude as the average. This is not true for 
closely-intermeshing extruders. In co-rotating, closely- mtermeshmg 
machines a special shear region is present in the tetrahedron gap. The 
shear in this gap, however, is not very large since the walls of this gap 
move in essentially the same direction. Although an extremely high 
shear can be experienced in the calender gap this is not usually signifi- 
cant since virtually no material will be transported through this gap (see 
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p., 2). in counter-rotating, close^";— fCT^^l 
gap plays an important role Material J^"^^^^^^^^ high micro- 
experience high shear and ^l°"f ^'^^^^^^I'^^^tS conS^tions in 
n,ixing and dispersion, ^ince dunng no^d o^^^^^^^ 

counter-rotating extruders with ^/^^^^^^^^^^ ? X ''''' ^" 

material wUl pass this gap at least o"^^ J* ""J^ i^w but a 

SSL- 

valve' as in the Baker Perkins design (Figs 10 and U). 
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MIXING AND HEAT TRANSFER 

In an sse the flow field can be calculated easUy from a judicious 
combina ion of cross-sectional and down-channel veloaty profiles, to 
dvfa helTci flow as indicated in Fig. 12. In this flow ^e d the tmjec- 
t^:^ of aTquid particle is completely determined by the he^t at wh»ch 
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Fig. 14. Throughput 



of different extruder types according to supplier specincations. 
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, ente. the channel in - -"V«^ 

that enter this zone near the entre of the h ^^^^uctivity of 

Conclusion C: heat transfer 

is redistributed near the f"^^"fl^°^i ,o the outer part near 
rer.:aTrh1SroSS:-..He.rod.., 
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Fig. 1 5. Specific power consumption. kJ kg" . 
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Co- rotating twin screw 
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F*. .6. TH,o».hp.. as . function of s^. di.™.=r for s,n„=. .na ™«.sc,ew 
^ extruders for 1 962 and 1978. 

AN ENGINEERING ANALYSIS 
diameter can provide a basis for this. 



screw 
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unfortunately, not enough -J^^S^r.^^^^^ 
food extruders to make a ^ .^"^^^^^^'.^S 

from our own experunents we polymers to 

the extrusion of some biopolymers ^"f J^"^!,^^^^^^^ the 
justify a comparison -^Pj^^^ ^^^^^^^^^^^ 
maximum output as specified by ^ """^^J^^^^^ ^f twin-screw 

in 1962 and 1978 ^or .^^^^^ the da^be^^^^^^^^^ 1962 and 1978 
machines. This m significant shift i"^'^^^^ between' the output- 
is striking. Although there - -^^^ ^^^^^^^^ „ " rew extruders, 

s.s.e.'s (100-400 rpm). '^^'^'f^^^^ 

these differences in rotational speed and output, it is ■"'"'^S ' 
Tomp ".he specmc motor power (motor power P- ™ "^P-^^^f 
aSd ftroughput for the different types of machines (F«s 1 5 ^d 16M 

ro:e:^«u:„^r:rsfven%or maize sHts in a conic. 

S a screw set suitable for PVC. The mfluence of die diameter and 

an s.s.e. (see Figs 21 and 22). , - ^^^^^ extruder is a 

temperature '^^^^'^^^ , changed The associated changes in 

Xufcaru SelSrt^rlTwhen the extruder is feedin. 
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and other factors. 
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ABSTRACT: In polymer extrusion, o«^^^^^^^ 

mixing behavior. In most ' .^^^'^i^g 1^^^ P^P^^ ^ ^"^'y^''^"' 

on the flow and mixing are investigated. 

INTRODUCTION 

migration of the filler particles, _.,^n,eric fluid by 5 times or more 

duce the rate of deformation exerted on the pol^^^^^^^^^^ 

and alter the flow behavjor This ca - ^^^^^^^^^^ J,, ^^vere pro- 
and even the entire Vroc^^'^^Z^'^^^^^^^ phenomena in filled systems 

^:!^^-:^r^:^o!L to the non-homo.eneous 

TruSretical w— ^^^^^^^ ?;Xrp,rte=^^^^ 
mainly devoted to fully filled m most cases, wall 
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Slip Flow in Partially Filled Screw Channel 

Starved feeding is very common. Experimental evidence has indicated that the 
flow and mixing behavior are significantly different m fully and part.aUy m ed 
svsTems The percentage channel fill has been found to be one of key factors to 

"fvtdSs u this circumstance The woric in this paper .s focused 
rLly o nL down channel velocity in order ,0 obtam comprehens.v. mfor- 

"rat[:;:"l'»-d.l,hee— 

mixing performance subject to wall slip in partially filled extruders. 

MODEL DEVELOPMENT 

The flow geometry inside a screw channel is represented approximately by a rec- 
taniu ar chLel w^ a top moving surface including shp on -rfac" and 
witf fluid-gas free surface. A sketch of this geometry .s shown m F.gur L Wal 
I^ p occurs althe barrel surface (y = //). the bottom screw surface - 0) and the 



barrel 



Y^' barrel speed=Vo 




Figure 1. Sketch of flow geometry. 
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JlANYA CHENG, YlFANXlE,UAVlDi 

are summarized as followed: 

1 Mewtonian Fluids 

2 Steady state and creeping flow 

4. No pressure gradient m the down c = 

5. Down channel velocity is a f^"^^ Jr?a« tie surfaces of bottom screw and 
6 Wall slip occurs on the barrel (top) surface, 

8 No vibration on the free surface. ^ 

.component of the equation of motion can then be wnUen as: 



(I) 



The 



boundary conditions are listed as follows: 



= K„ 



(1) 



by 



= 0 



(2) 



dV, 



= 0 



(3) 



ex 



= 0 



x=0 



(4) 



tn ciolve the problem. Assuming that 

a function ofy, e.g.: 
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iiw = _ Till = 

where A is the eigenvalue to be approximate expression for 

Applyit>g boundary conditions 3 and 4, we have an app 

A„ [71: 

_ 2n-l^ (7) 

n(x,y)= «>W^(>') (8) 
= J^k„ cos (A„x)[sinh (A„y) + P^.^K cosh (A„>')] 
11=1 

obtain an expression for k„. 



By using boundary conditions 1, we can 

|;fc„cos(A„x)Kl + ^A/^'^'-)^''*^^"^^ 

+ (^. + ^.W„cosh(A„H)] = K. 

where Fo is the barrel velocity 

K„ = nND cos (6) 
T^e va,». of *. b. solve, by using *e prop«,y of onhogonality: 



(9) 



(10) 



(11) 
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where y4 and Bare: 



,2 



{2n-\)^\ (12) 



(14) 



(2«-l)^ 

« tP O can be calculated as the following: 
The volumetric flow rate, Q, can De 

and average time, are defined as: 

^^^^ 
(17) 

K*(x,:v)=^'.Cx, j'V^'o 

(18) 
(19) 

,*=r/(r/K„)=//W"^oP/e 



(15) 



717 



Slip FloMV in Partially Filled Screw Channel • . 

Where O* and f* are the dimensionless volumetric flow rate and average time, respec- 
tively; Hs the down channel length. In following sections, we will discuss the results. 



RESULTS AND DISCUSSION 



Effect of Navier's Slip Coefficient 

Figure 2 shows the effect of Navier' s slip coefficient on the volumetric Aroughput 
andavera^residencetime.Notethat,inthiswork,weassumetheslipcoefF.c.entson 

Z screw surfaces and barrel surfaces are the same. Th. dimensionless volumetric 
LugUdecreaseswithincreasingthevaluesofslip coefficient wh^ 
residencetimeincreases.Theaverageresidencetimeincreasesalmostt^^^^^^ 
a four fold increase of wall slip coefficient. This is mduced by the ^f^tan -al de- 
crease of the barrel velocity, which in turn, reduces the average down channe veloc- 
ity The decrease of the flow rate under conditions with wall slip is directly related to 
tSe velocity distribution in the cross channel. The velocity contours at 50% channel 
fill are shown in Figures 3 and 4 under conditions with and wiAout wall slip, respec- 
tively The velocity under the condition with wall slip is considerably lower near top 
platedue to the wallslip,incomparisontothatwithoutslip. Although thereexistc^ 

L values of the velocity at the bottom and right side wall for the case with slip, the 
decrease of the velocity near the top plate is the dominant factor m reducmg the over- 
all volumetric flow rate. It is also observed that the zone of low defomiation under 
slip condition becomes more pronounced in lower right hand area. 

Vhe deformation rate of fluid underthe condition of wall slip decreases substan- 
tially in comparison to the case of no slip at same channel fill and viscosity . The 
typical velocity gradient contours for both cases are shown m Figures 5 and 6. The 




0 J 10 15 20 

Wall Slip CoefEcicnt, p (ni/Pa.s, xl0^5) 
Figure 2. Effect of wall slip coefficient on the average residence time and fiow rate = 500 
Pa-s;P = 50%). 
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Figure 3. Velocity profile under no slip condition = 500 Pa s; p = 50%). 
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rigure4. Velocity profile under slip condition (M x l0'^m/Pa.s;^^500Pa's;p = 5O-/o), 
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Figure 5. Deformation rate (dV^lBy) profile under slip conditior) 0^1 x 1(r^ m}Pa,s;^ = 500 
Pa's;p--30^/o)- 
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Figure 6. Deformation rate (dVzlSy) profile under no slip condition = 500 Pa • s; p = 50%). 
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velocity gradient 0 VJdy) decreases by five fold under slip condition Drop in de- 
ot fon rate of a K./ax is also observed under the slip ^'^l^'^^^.^^^^^^^^^^^^ 

naoer^ A similar trend of decreasing volumetnc flow rate with increasing slip ve 
ocT; is aUo obtained fro. the l-D model [10]. On the other hand, the — 

flux also decreases. Although we only <=°"^'der Newtonian Ouids in th s m^^^^^^^ 

can be expected that the non-Newtonian behavior will further reduce the rates of 

'iTindustrial processing, one way to increase the throughput '^^ l^^^^^^j^ 
to increase the roughness of the wall of both barrel and screw surfaces. Although 
tSe balance between the throughput and the extruder torque loading needs to be 

considered. 

Effect of Percentage Channel Fill 

The effect of the percentage channel fill on the dimensionless ^^^J J/"'^^^^^^^^^^^ 
time and volumetric throughput is shown in Figure 7 for a viscosity of 00 (Pa ) 
Z Navier's slip coefficient of 1 0"* m/Pa • s. The volumetric flow rate Q . in 

slip This is due to the increase of average down channel ^^'o^^'^y caused by m 
c^'aseofchannelf.ll.Atagivenpercentchannelfill,theflow^^^^^ 
of wall slip is lower than without wall slip. It is also noticed from Figure 2 that the 
d!fT™l'of Ihe average residence times between no slip and slip conditions be- 
comes smaller with increasing channel fill. So does for throughput 

The oercentaoe channel fill is directly related to the percentage drag flow m ab 
JcXessurtflow.Thepercentagedragfiowhasbeenfo^^^^^^^^^^^ 
have an important role on the mixing performance m extruder [4,9]. Under wall slip 
conditions reducino the percentage channel fill will result m the decrease of defor- 
Ttt^ rates As S^^^^ Figures 5 and 8, the defomiation rate can be reduced con- 

that with the occurrence of wall slip, the percentage '^^^J^'J^^T^'^^^^^^^ 
duce the mixing performance in an extruder by decreasing the deformation rates. 



Effect of Viscosity 



The effect of viscosity on the volumetric throughput and average residence tim e 
is shownTF^gure 9 foT a 50% filled screw channel. For high viscosity, low Rey- 

0 d nun^ber'and creeping fiow. the dimensional throughput an av^r^^^^^^^^^ 
dence time without wall slip are independent of viscosity in a partially filled screw 
chaS Ki.e., absence of pressure flow) at given barrel speed since the down ch n- 
neWelocity is independent of viscosity for Newtonian fluids^ However, the 
iuXu t urider waS slip conditions decreases considerably with ^ncreasmg vis- 
cosity while the residence time decreases. Increasing viscosity will increase the 
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Percentage Channel Fill 

Figure/. Enectoi percentage ohannBimi on the average 
ia^mfPa.s;fi = 500 Pas), 
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Figures. Deforrnation rate profiLnder slip conciition (fi^l . I0r^ mlPa.s: , = 500 

Pas:p = 50%). 
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Viscosity, (Pa.s) .n-SmiP^s' 

p = 50%;. 

■ R PM The wall slip velocity at barrel sur- 
shear stress on ^-el -rfaces at a g^^^^^^^^ ^^^^ ,h s^esses 

face then decreases since the slip "^^^^^^{-^^ actual velocity of the fluid in 
(see the model development assumption >io. 1^ j 

£n channel direction then 'I--" '^^^^^^^^^^^ reduced with increasing 
On the other hand, the rates of deformation ar ^e same channel fill 

viscosity. TWO contours of velocity g^^^^^ 
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inn tnsnn Pa- s Note that the low defor- 
'"f "wuSal appHCions, reducing*, values of .he vUeusity 

cific system. 

CONCLUSIONS 

. Based on the analytical model developed we conclude that: 

. Thedimensionlessvolumetricthroughputunderconditionofwallslipdecreases 

. teteSeM'rpercen. channel fill will increase .he .hroughpu. and defonnarion 
;"eM„c™Ir*= P-en. ch^rn.l fill gives rise ,0 a decrease of .he average 

residence time. 



NOTATION 



H height of screw channel, m 

k„ coefficient 

L width of fluid, m 

n unit normal vector 

p percent channel fill 

e* dimensionless volumetric flow rate 

T down length of screw, m 

t unit tangential vector 

/* dimensionless average residence tii 

K* dimensionless velocity 

Ko barrel velocity, mis 

W width of screw channel, m 

X* dimensionless x 

y* dimensionless y 
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Greek 

/?t, P2 Navier's slip coefficient, mPa/s 
A eigenvalue 
fi viscosity, Pa* ^ 
n total stress tensor 
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